A dust event was observed in Europe on March 23-25, 2007. Surface observations in Central Europe showed huge concentrations of particulate matter. At the same time, dust models diagnosed a Saharan dust outbreak flowing from Sahara to Europe. However, Lidar measurements and surface stations in Eastern Europe diagnosed a dust event originating from Ukraine related to chernozemic erodible lands. Using surface and satellite measurements with modeling results, it is demonstrated that the finally huge surface concentrations recorded in the Netherlands, Belgium and the North of France were mostly due to the extremely rare Ukraine dust event whereas Saharan dust events usually produce only mid-troposphere plumes. To investigate this episode, the chemistry-transport model CHIMERE is modified in order to account for erodibility of chernozemic soil inside Europe. A size distribution for chernozemic dust emission is proposed. Over Western Europe the model reproduces the observed PM concentration peaks up to 200 µg.m −3 with a large contribution of Ukraine dust, up to 170 µg.m −3 . This first model study of dust emissions due to European arable land shows that it is possible to fairly retrieve the magnitude of surface concentrations far away from the emission sources.
Introduction
Mineral dust is a natural compound in the atmosphere known to affect air quality in several regions of the world. Mineral dust emissions, transport, deposition and their impact on radiative budget have been particularly studied [Andreae and Crutzen, 1997; Sokolik et al., 2001] over the two main emittors in the world, the Western Africa and China, using worldwide measurements network, such as AERONET [Holben et al., 2001] and models such as the global model GOCART [Ginoux et al., 2004] and regional models such as, CHIMERE-DUST [Menut et al., 2007] and DREAM [Nickovic et al., 2001; Perez et al., 2006] over Europe and, [Park et al., 2007] among others over North-America. However, open scientific questions remain. The direct transport of mineral dust originated from arid and desert areas towards large industrialized and urbanized areas is rarely studied: one of the most important impact is the Taklamakan desert directly impacting megacities ( [Sun et al., 2001; Zhang et al., 2003] ), but some others studies were also done for dust transport from Africa towards Europe ( [Ansmann et al., 2007; Perez et al., 2006] ). Over Europe, the main impact of dust transport so far considered is that due to Western Africa dust outbreaks originated from Sahara. But the net contribution remains relatively low and, for the daily particulate matter (PM) budget, it is rare to record a dust contribution of more than 20% of the total particulate matter mass, as an averaged value over the year even if sporadic episodes led to a massive contribution of dust during short periods [Simpson et al., 1999; Querol et al., 2004a, b; Moreno et al., 2005; Escudero et al., 2007a] .
This natural contribution of mineral dust to European air quality has been particularly studied in the most concerned countries : Spain [Artinano et al., 2003; Alastuey et al., 2005; Escudero et al., 2007b; Querol et al., 2007] , Portugal [Petzold et al., 2006] , Italy ( [Kishcha et al., 2005] ), and more generally over Europe in other studies as in [Simpson et al., 1999; Querol et al., 2004b; Viana et al., 2007] . In these countries, a large number of experimental field campaigns [Clairborn et al., 1998; Gomes et al., 2003 ], routine measurements of particle concentrations and speciation analyses [Putaud et al., 2004] , were carried out to provide several clues about the relative amount of these particles in the total budget of air quality over cities. The observed background annual average mass concentrations for particles with diameters smaller than or equal to 10 µm (named PM10) for the continental Europe is 7.0±4.1 µg.m −3 according [Van Dingenen et al., 2004] . The natural contribution has to be taken into account because the EU standards fix an annual mean lower than 20 µg.m −3 and a maximum allowance for the number of days exceeding the daily limit value (50 µg.m −3 ) of 7 days per year by the first of January 2010.
In an European air quality framework, modeling of dust has been mainly addressed as a transport of African dust towards Europe, [Kallos et al., 1998; Gobbi et al., 2004; Millan et al., 2005; Kallos et al., 2006] . These studies are often dedicated to climate change and dust concentration trends over the world. Model results are compared to measurements such as aerosol optical thicknesses and satellite data, using monthly averaged values. Moreover, since the most important source areas are located in Africa, China and Australia, the most important efforts are done to better describe dust emissions in these areas.
For dust emissions inside Europe, a recent study, [Vautard et al., 2005] , showed that, with a very simplified approach of wind blown dust emissions, a chemistry-transport model (CTM), such as CHIMERE, is able to partly explain the lack of modeled particulate matter compared to the background values generally observed. This approach was validated statistically, meaning that using meteorological parameters such as surface humidity and wind speed, a simplified approach allows to give a more realistic view of aerosols over Europe. But this study was not designed to predict sudden and huge dust events as the one observed in Central Europe at the end of March 2007 and extensively described in [Birmili et al., 2008] .
This event is a rare and invaluable opportunity to better understand and describe a natural phenomenon having a strong impact on air quality over Europe. By using new satellite observations and chemical analyses, the first goal of this paper is to confirm the hypothesis that the dust event started in Ukraine as assumed by [Birmili et al., 2008] . The second goal of this study is to evaluate whether a chemistry-transport model is able to represent the conditions leading to the observed emitted dust over Ukraine. The third goal is to evaluate the transport of such dust outbreaks. Since the rest of Europe was under "relatively low" aerosol background conditions, the dust plume exhibits a clear and important signal all along its way. This event is also a rare opportunity to estimate the impact of dust events on air quality over remote areas far from the emissions area (Ukraine). Surface measurements recorded in United Kingdom, Belgium and North of France are compared to model results.
Origin of the dust event in March 2007
2.1. General description [Burt, 2007] [Birmili et al., 2008] showed that a dust event started in Ukraine on March 23, in the morning with huge amounts of dust blown up by a storm blowing over dry agricultural areas. Chernozems ("black soil" in Russian) in Ukraine contain a large fraction of organic compounds, and they are considered to be the most fertile lands in the world. Intensive agriculture, hydric and wind erosion have destroyed an area of 220.000 km 2 in Ukraine. The number of dust storms (wind gusts above 75 km.h −1 ) reaches 5 days per year in the Southern steppes ( [Dolgilevich, 1997] ). During these storms a large amount of telluric dust containing heavy metals, radionuclides, pesticides are transferred into the air and can be transported on the whole Europe.
As shown in [Birmili et al., 2008] These large scale dust patterns can be evaluated using satellite data and more specifically lidar aboard satellite such as the CALIOP lidar. It operates at 532 and 1064 nm and was launched in May 2006 onboard the helio-synchroneous CALIPSO platform [Winker et al., 2008] . Here we use the total attenuated backscatter (ATB) signal from Version 1.10 Level 1 CALIOP data collected during day time at 532nm (Figure 1 -middle) and 1064nm to compute the color ratio CR=ATB 1064/ATB 532 (Figure 1 -bottom) . Below 8 km, the original horizontal resolution is 333m and the vertical resolution 30m. To increase the signal to noise ratio, the data are averaged over 90m vertically and 1km horizontally. [Liu et al., 2005] . The color ratio clearly shows that particles above the high topography at 38 o N (mountains of Turkey) and the ones above Ukraine have different compositions and do not come from the same source. Above Ukraine, the depolarization ratio (not shown here) is ranging between 25 and 40%, meaning that the particles are likely non-spherical. These satellite data confirm that a huge dust plume was developing in the boundary layer over the South of Ukraine on March 23 [10:50]. The time series in Figure 2 shows the dust event occurring on March 25 morning in Gravelines (North of France, Table 1 ). PM10 samples were collected on filters, for the March 15-16 and 25-26 periods with the latter including the dust event period in Gravelines. Water soluble potassium (K + ), calcium (Ca 2+ ) and magnesium (Mg 2+ ) contents in particles were measured by ionic chromatography. Measurements show that compared to a period without dust event (March 15-16), Ca 2+ and Mg 2+ concentrations during the Ukraine dust event remain low. As already reported in other studies, it is well known that Saharan dust events exhibit in Europe a large increase of Ca 2+ content in measurements [Aymoz et al., 2004] . Then, the assumption of possible Saharan dust is not supported by these chemical analyses. Moreover, K + , whose content largely increased during the period of interest, is element is a natural compound highly concentrated in humus which constitutes the top layers of Ukraine chernozems. These chemical analyses confirm that this event was unlikely due to Saharan dust.
Chemical speciation

General set-up of the CHIMERE model
In this study, the V200709A version of the CHIMERE CTM over Europe is used ( [Schmidt et al., 2001] ; [Bessagnet et al., 2004] 61.5 o N with a resolution of 1/2 degree both in latitude and longitude. The vertical grid contains 20 layers from surface to 500 hPa. The dynamics and gas-phase parts of the model are described in [Schmidt et al., 2001] , and improvements have successively been brought, some being described in [Vautard et al., 2003] and [Vautard et al., 2005] . The model documentation can be found on the web server http://euler.lmd.polytechnique.fr/chimere. For both ozone and PM10, the model has undergone extensive modeled aerosols intercomparisons at European and city scales ( [Vautard et al., 2007; Van Loon et al., 2007; Schaap et al., 2007] ). However, for mineral dust such an intercomparison has not been carried out yet.
In order to be consistent with the PREVAIR operational forecast system using MM5 and CHIMERE, the MM5 configuration was chosen to be the same as the one used and validated during the last three years for the daily forecast ( [Honoré et al., 2008] ). The MM5 vertical grid contains 32 levels ranging from surface to 10hPa. The horizontal resolution is 60km over a domain encompassing the CHIMERE domain. The MRF scheme for boundary layer physics ( [Hong and Pan, 1996] ) was chosen to be the most accurate for various convective situations in a forecast context. The meteorological boundary conditions as well as the nudging is performed with the six-hourly Global Forecasting System (GFS) analysis meteorological fields at 1 o × 1 o resolution. The land surface and soil processes are computed with the NOAH LSM model ( [Chen and Dudhia, 2001] ). The physics parameterizations include the REISNER2 scheme for cloud microphysics ([Reisner et al., 1998 ] and the RRTM scheme for radiation ( [Mlawer et al., 1997] ). The duration of MM5 runs are 5 days as for CHIMERE.
In CHIMERE, the meteorological input are updated each hour. The aerosol module is that described in [Bessagnet et al., 2004] . Anthropogenic emissions are taken from the Co-operative Programme for Monitoring and Evaluation of the Longrange Transmission of Air pollutants in Europe -EMEP -( [Vestreng, 2003] ). Aerosol emissions feed the model species denoted as "primary particle material" (PPM), which may contain several compounds (such as black and organic carbon) coming from various anthropogenic sources. The other modeled species are sulfates, nitrates, ammonium, secondary organic aerosols, sea-salt (considered as inert here) and dust. The particle size distribution ranges from about 10 nm to 40 µm and are distributed into 12 bins. The 12 bins used are defined between the following intervals: 0.0097, 0.019, 0.039, 0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10, 20 and 40 µm. For small particles, and in addition to saltation and sandblasting processes (described in §5.1) CHIMERE also accounts for resuspension [Vautard et al., 2005; Loosmore, 2003] .
For this case study, the CHIMERE model simulates the emissions and transport of aerosols over Europe from the March 11 
Meteorological model outputs
As described by [Birmili et al., 2008] . In addition, the associated parameterized friction velocity u * reflects these high wind speed and presents values potentially able to start saltation processes. Even if the mean boundary layer height (BLH) remains below 1000 m on March 24 [00:00], a "channel" of higher height is modeled and observed in [Birmili et al., 2008] . From South-East (Ukraine) to North-West (North of Germany), heights of more than 1500m (corresponding to high values for a nighttime period) are simulated. This system persists during the next day and exhibits increasing BLH values until noon (Figure 3) . Figure 4 shows a comparison between modeled values and observations at Krivyy Rih Dnipropetrovsk, for 2m temperature and 10m wind speed. A good agreement is shown between the model and data. Moreover, the evolution of modeled soil moisture (depth 0-10cm) is displayed showing a slight decrease of simulated values confirming that the period of interest becomes dry, favourable to erosion as mentioned in [Birmili et al., 2008] .
Modeling of European dust emissions
Saltation and sandblasting
The saltation and sandblasting parameters are fully described in [Vautard et al., 2005] . Modeling dust entrainment into the atmosphere has been the subject of many studies since the work of [Bagnold, 1941] . Several detailed emission models have been proposed such as [Marticorena and Bergametti, 1995] ; [Alfaro and Gomes, 2001] and [Nickovic et al., 2001] . They are currently used in transport models for sensitivity studies, analyses or forecasts as in DREAM ([Nickovic et al., 2001] ), CHIMERE- DUST ( [Forêt et al., 2006] , and [Menut et al., 2007] ), among others. In this study, we use an improved version of the [Vautard et al., 2005] scheme. This scheme originates from that of [Marticorena and Bergametti, 1995] . The sandblasting flux F v is expressed as the product of the saltation dust flux F h and α, the sandblasting efficiency: F v = α × F h . This latter is constant and taken as α = 5.10 −5 m −1 an order of magnitude obtained from the measurements, over Northern Spain and Niger, of [Gomes et al., 2003] . The saltation flux is expressed as:
where u * s denotes the saltation friction velocity, u * t the threshold friction velocity and C is a coefficient that depends on several surface factors. The saltation friction velocity u * s corresponds to that encountered on erodible parcels of the model grid cell, usually smoother than typical vegetated surfaces found in Europe. It is calculated by using the 10m wind field, a constant saltation roughness length of 5.10 −4 m and the assumption of neutral stability as in most previous studies. In order to keep the formulation simple, the threshold friction velocity is assumed to depend only on gravimetric soil moisture w and follows the [Fecan et al., 1999] formulation. 
Model improvements for this study
For the present study, specific improvements were performed on the soil description and the calculation of the saltation over Europe. To our knowledge, this is the first study dealing with the implementation of chernozemic soils in a chemistry-transport model over Europe. In general, the problem of dust emissions estimation is that two mandatory parameters are required without any measurements being available: (i) the emissions magnitude, and, (ii) the dust size distribution. For instance, over Western Africa, the lack of concentrations measurements is a major limitation. Parameterizations are optimized after long term simulations and using statistical adjustements with comparisons to aerosol optical thicknesses (with the AERONET photometers network for example, [Holben et al., 2001] ). This approach is suitable in case of long-term global modeling when A first improvement to the [Vautard et al., 2005] scheme, is the dependence of the saltation parameters to the model surface characteristics over land, assumed constant in that study. In the present work, this aspect is refined and dust saltation only for cropland is affected representing the whole contribution of arable surface. For instance, this change eliminates unrealistic dust fluxes diagnosed over mountainous areas.
A second improvement concerns the soil description. As described in [Dolgilevich, 1997] , chernozemic soils cover a large part of Ukraine arable lands. In order to specifically work on this episode, and following analyses of [Birmili et al., 2008] , additional information about these soils was added in the model landuse. Based on [Zobler, 1986] , [Webb et al., 2000] gives a set of 108 soil types at a 1/2 degree resolution all over the world. Four types of chernozems are identified (glossic, haplic, calcic and luvic), and are aggregated into one soil type representative of chernozemic soils. Figure 5 (bottom) displays the fraction of chernozems over the CHIMERE domain used in this study and Figure 5 (top) the fraction of crop lands after [Hansen et al., 2000] . Thus, the second improvement is to have a real distinction between non-chernozemic and chernozemic crop lands in the model.
Finally, a third improvement concerns the size distribution of emissions. In our case, we have two types of input information to constrain the size distribution all along the plume (from the emissions to the most remote areas):
• the size distribution of emitted dust after measurement campaigns over Europe as described in [Alfaro and Gomes, 2001] . This leads to mass median diameters for three emissions mode that is D p =1.5, 6.7 and 14.2 µm ; • the PM2.5/PM10 concentrations ratio after surface measurements recorded in Houtem (Belgium) and Harwell (UK) (see Table 1 for coordinates).
Using these information, we adjust the size distribution of the emissions. This distribution is assumed to be constant during the whole period. We checked after long-range transport the modeled concentrations. The comparison of measurements versus model for the PM2.5/PM10 ratio is displayed in Figure 6 . Two important features have to be mentioned : (i) the general variability of modeled PM2.5/PM10 ratio is consistent with measurements, (ii) the sudden decrease near the hour 96 (corresponding to March 24 [00:00], time of the dust plume outbreak over these two remote stations) is observed and simulated by the model. Figure 6 displays a large contribution (about 75 %) of coarse particles (i.e for particles with a diameter > 2.5 µm) in the PM budget. The resulting distribution over the 12 bins is displayed in Figure 7 . This corresponds to the best adjustment for the model in this specific case. This kind of distribution is consistent with previously well known distribution such as values recorded over North America by [Watson and Chow, 2000] . Moreover, the presence of very large particles is consistent with the CALIOP observations discussed in §2.2. Another validation step is to estimate whether this distribution is realistic, by using measurements between the emissions area in Eastern Europe (Ukraine) and the end of the plume over land (i.e Belgium and UK). Model and measurement size distributions are compared at the Melpitz station (51.53 o N and 12.93 o E, Germany), located on the way of the plume. Figure 8 presents the size distribution of modeled PM concentrations for dust only (grey bars) and total PM. These values are extracted from the model cell corresponding to the Melpitz station. On March 22, 2007, there is no dust arriving in Melpitz and the size distribution has a peak centered around 0.3 µm, representative of usual anthropogenic pollution. On March 23, 2007, a first contribution of dust is modeled but without inducing a significant change in the shape of the concentration distribution. On March 24 and 25 dust dominates the total mass of the modeled PM and shifts the peak of the distribution to the coarse particles of around 3 µm, the same value as observed in [Birmili et al., 2008] . Accounting for the three improvements described above, surface dust emissions are calculated on an hourly base, an example of results is displayed in Figure 9 . The largest fluxes are limited to the Ukraine area. In this section, it has been demonstrated that after some adaptations to realistic soils, the model is able to calculate a huge and sporadic dust event over a typical Europe surface type. We now turn to the hypothesis that the corresponding dust plume may have been transported farther than over the Slovakia, Poland and Germany stations as described in [Birmili et al., 2008] . 
Results
Two simulations were carried out in order to evaluate the ability of the model to reproduce observed remote surface concentrations. The first simulation used the CHIMERE model with all processes (gas and aerosols) except the dust emissions and transport. The second simulation is the same but adding dust emissions and transport. Hourly time series are used to compare the model results with available observational data.
Surface maps of PM concentrations
The surface concentrations results are presented in Figure 10 It is spatially limited to the Ukraine area and modeled concentrations reach maximum values ≈ 1000 µg.m −3 . The model slightly understimates the maximum amplitude where observations up to 1400 µg.m −3 are shown in [Birmili et al., 2008] . Over surface stations in Europe, the model fairly reproduces the highest concentrations at the right moment few hours later in remote areas.
The plume then moves towards Germany (Figure 10) (March 25 [12:00] ), and after two diurnal cycles, a long plume stretches from Ukraine to Belgium, with two additional high concentrations spots: one over the Western part of the UK and France, and one over the emissions area. For this episode, the model is consistent with the surface measurements values presented in [Birmili et al., 2008] . It also provides information over the whole Europe showing that surface concentrations of more than 120 µg.m −3 are due to Ukrainian dust and may be observed far from the source few hours later in remote area i.e. the Western part of Europe. Figure 12 shows that the model is able to reproduce the vertical structure of the plume observed and described in [Birmili et al., 2008] with the correct vertical extension around 1800m at noon for each observed day.
Analysis of vertical cross-section
Modeled time series versus measurements
Far from the source in Houtem (Belgium) and Harwell (United Kingdom) (see coordinates in Table 1), the model is able to reproduce the magnitude of the concentrations as well as the time of the dust peak. By comparing the two simulations, the net contribution of the dust event to air quality in the Belgium and United Kingdom is rather clear. While background particulate matter concen- Table 1 . Names and coordinates of stations presented in Figure trations of ≈ 30 µg.m −3 is calculated by the model, the dust event contributes to an additional concentration reaching 120 to 180 µg.m −3 , mainly originating from Ukraine. It is noteworthy that these levels largely exceeded the EU standard of 50 µg.m (daily mean value), only because of dust emissions. Figure 12 shows a more detailed comparison of modeled versus measured surface concentrations for the reference simulation with all particles (solid line) and for the simulation without dust (dashed line). This highlights the strong impact of this episode onto local surface measurements very far from the emissions area. All time-series displayed in Figure 12 correspond to sites in Belgium, United Kingdom and France with coordinates reported in Table 1 for the names of the stations).
Conclusion
In March 2007, an exceptional dust emission event was observed over central Europe. Surface observations showed that the episode coming from Eastern Europe induced high dust concentrations transport until Germany. The assumption of a dust plume originating from Ukraine as described in a previous study is confirmed in this work thanks to CALIOP/CALIPSO data and a chemical analysis. This episode stands as an opportunity to evaluate a dust emission and transport model. We evaluated the CHIMERE chemistry-transport model, in similar versions as described in previous articles, but with an improved dust emission scheme, taking into account landuse and chernozemic soils in more details. The dust scheme was adapted to better represent the dust size distribution at emission by comparisons with surface data after transport (based on PM2.5/PM10 ratios). By optimizing a few parameters, the model is able to successfully reproduce the PM10 concentrations amplitude, spatial pattern, and aerosol size distribution, very far (a few thousand kilometres) from the source. Over Western Europe the model reproduces the observed PM concentration peaks up to 200 µg.m −3 with a large contribution up to 170 µg.m −3 of Ukraine dust.
Using this new CHIMERE model version, the potential impact of a such an episode on the surface PM concentrations over the whole Europe was evaluated. The starting time of the dust emission was correctly simulated showing that the MM5 meteoro- logical model catches well the specific wind speed values induced by the synoptic meteorological situation. Additional measurements were used and surface concentrations were compared over Belgium, UK and France. The model correctly predicts the peak values over all stations. This includes stations where the plume was not very intense proving that the surface extension of the plume is fairly reproduced. The vertical structure was shown to be complex with a well-mixed boundary layer and dust concentrations with high values from surface to 1800m far from the emissions area. Finally, we showed that using a size distribution of twelve bins, the model is able to correctly reproduce the complex evolution of the relative part of soil dust in the particle size distribution, from dust free to loaded atmosphere. The model showed a shift from 0.3 to 3 µm in the aerosol distribution consistent with measurements in Melpitz.
This kind of event has been rarely observed, and it would be interesting to diagnose its frequency. It is not clear whether other important dust events could be initiated from other regions in Europe. However, since they are probably of minor magnitude they are hardly detectable from the aerosol background. Improvements on natural particulate emissions in mod- els are required to better simulate these phenomena. This is mandatory to better predict PM10 concentrations in Europe and understand the role of soil particles in regional air quality. We acknowledge Dr Andy DELCLOO for providing us additional measurements issued from the Royal Meteorological Institute of Belgium as well as the UK air quality network. We also acknowledge Dr Larry OOL-MAN (University of Wyoming) for providing us meteorological data, including the Krivyy Rih Dnipropetrovsk (Ukraine) measurements used in this paper. Thierry WATTIAUX is acknowledged for his technical support on computer ressources at INERIS. NASA, CNES, ICARE and Climserv are acknowledged for giving access to CALIOP/CALIPSO data. Acknowledgements to the BASTER database, managed by ADEME, enabling us to extract surface concentrations data over France. The meteorological data were provided by the Data Support Section of the Computational and Information Systems Laboratory at the National Center for Atmospheric Research. NCAR is supported by grants from the United-States National Science Foundation. This work was partly funded by the French Ministry in charge of Ecology (MEDAD).
